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Introduction {#s1}
============

Short-term exposure to ambient particulate matter (PM) has been linked to increased cardiovascular morbidity and mortality ([@c11]; [@c21]; [@c48]; [@c50]; [@c73]) with large public health burdens ([@c69], [@c70]). Experimental studies indicate that subclinical cardiovascular changes may occur within minutes to hours after exposure ([@c27]; [@c45]). Yet, although the U.S. Environmental Protection Agency (EPA) continues to look for additional evidence of effects associated with sub-daily exposure that may serve as a basis for establishing shorter than 24-h PM standards ([@c66], [@c67]), information about hourly associations of PM and clinical events is limited, as indicated in a review of studies examining cardiovascular outcomes and sub-daily ${PM}_{2.5}$ exposures ([@c12]). Most studies have investigated associations on a daily time scale ([@c31]; [@c63]; [@c64]; [@c71]; [@c72]) because of a lack of detailed information on onset time in administrative data. In addition, the use of administrative data without additional adjudication can limit the ability of researchers to accurately identify events and classify the type of events. Error in either the onset time or outcome definition may result in an underestimation of the true magnitude of the health effects associated with air pollution ([@c41]).

The few studies that have investigated associations between hourly exposures of PM and clinical cardiac events used patient interview ([@c6]; [@c52]), disease register ([@c7]; [@c65]), or implantable cardioverter defibrillator (ICD) data ([@c39]; [@c40]; [@c56]) to assess onset time. However, these sources are either subjective, focus on specific outcomes, or pertain to limited populations. Like emergency respondent data, telemedicine offers a novel resource for conducting environmental health research on clinical events ([@c37]). With telemedicine services, subscribers can phone a medical call center upon experiencing symptoms for a remote clinical evaluation and follow-up action, if required. Through earlier engagement with the patient, telemedicine is able to detect the onset time of confirmed clinical symptoms earlier than would be possible from a phone call for emergency respondents or hospital admissions ([@c4]). Telemedicine also collects clinical data remotely at the time of the event, providing additional information with which to adjudicate an event with greater certainty. Although telemedicine offers a novel and clinically confirmed data source ([@c9]; [@c13]; [@c60]; [@c68]), it has been rarely used to test associations between health effects and environmental stressors ([@c16]).

Our study utilized unique telemedicine data to more accurately estimate associations between sub-daily PM exposure and acute clinical cardiac events among residents in two large metropolitan areas in Israel between 2002 and 2013. In secondary analyses, we further examined the impacts on our association of using more accurate information on symptom onset time and greater certainty of diagnosis from adjudicated data.

Methods {#s2}
=======

Study Subjects {#s2.1}
--------------

SHL Telemedicine (pronounced "Shahal" an acronym for Sherut Holey Lev, a service for heart disease patients; <http://www.shl-telemedicine.com/>) provides medical assistance to over 300,000 subscribers worldwide (about 100,000 in Israel) ([@c8]; [@c58]; [@c61]). Telemedicine is a popular service among the older population of Israel, with approximately 10--20% of people over 65 y of age enrolled in one of two major providers. In Shahal, 48% of the service is used by patients 60--80 y of age, and 31% by those over 80 y of age. Subscribers are often individuals with preexisting cardiovascular disease or risk factors for cardiovascular disease but are otherwise similar to the general population with respect to many characteristics such as smoking and obesity ([@c36]). The Shahal service provides its subscribers access to a 24/7 call center managed by nurses and physicians, all of whom are skilled in cardiac emergency. Subscribers carry a cardiopager (<http://www.shl-telemedicine.com/solutions-products/products/>), which is a hand-held 12-lead electrocardiogram (ECG) transmitter device for personal use, from which they can transmit an ECG by landline or cellular phones. The company also operates mobile intensive care units (ambulances) staffed by a physician and a paramedic.

The study subjects were Shahal subscribers living in the Tel Aviv and Haifa metropolitan areas of Israel who contacted the call center for a cardiac event between 2002 and 2013. These metropolitan areas were defined according to the Israel Central Bureau of Statistics classification (<http://cbs.gov.il/reader/Milon/Milon_ByTerm_E.html?MyID=558&OnlyFinal=1>). We restricted our study population to all subjects who were $\geq 50\; y$ of age at the time of call, were examined at home by a medical team without delay (within approximately 10 min of their call), and were evacuated to a local hospital for emergency care. Available baseline data collected by a physician included demographic characteristics, cardiovascular risk factors, medical history, medications, and ECG measurements. Analysis of a de-identified dataset provided by Shahal was approved by the institutional review board at The Hebrew University of Jerusalem. No informed consent was required.

Cardiac Events {#s2.2}
--------------

We identified clinical cardiac events based on a standard form filled out for each medical call, an ambulance medical report, and the patient's medical background. Event-related data included the exact time of the start of each call, medications administered at home, ECG tracings, results of a physical examination, and cardiac enzyme test findings. We considered any cardiac event as well as three specific types of cardiac events: events related to ischemic heart disease (IHD), arrhythmias, and other nonspecific cardiac events (NSCEs). For IHD and arrhythmia, which have been previously linked to PM and likely reflect different biological pathways ([@c11]), events were further graded into subgroups based on our certainty level of diagnosis. A definite diagnosis of an IHD event was assigned if the hospital records included a myocardial infarction (MI) diagnosis; catheterization with a stent or bypass surgery occurring within 7 days of the event; a positive cardiac enzyme test; or ECG indications of ST-depression, ST-elevation, or T-wave inversion in both the phone-transmitted ECG and ambulance recording or if one of the ECGs had the above findings and the patient was also treated with morphine, heparin, clopidogrel bisulfate, or aspirin. Classification of probable ischemic events required that only one of the above ECG indications was present or that the patient was treated with morphine, heparin or clopidogrel bisulfate. A definite diagnosis of arrhythmia was determined by ECG findings of rhythm abnormalities of ventricular or supraventricular origin, including ventricular fibrillation, ventricular tachycardia, atrial fibrillation, atrial flutter, and supraventricular tachycardia that were not present at the baseline exam. Probable arrhythmias were defined by ECG indications of sinus tachycardia, sinus bradycardia, and non-chronic ventricular premature complexes or atrial premature complexes. Finally, an NSCE event was indicated if the patient complaints included only chest pain or shortness of breath (not related to a respiratory condition) or a physician-diagnosed pulmonary edema. In addition, this group included events in which patients were treated with resuscitation or defibrillation. In analyses by event type, calls with both IHD and arrhythmia indications were included once in each model.

The time of onset of a cardiac event was defined as the time the phone call was recorded by the call center, rounded down to the nearest preceding half-hour. When an individual called the center more than once within 24 h, these calls were combined into a single event and the first call time used. Other multiple events per patient during the study period were considered as separate events.

Pollution and Weather Data {#s2.3}
--------------------------

Half-hourly data for PM $\leq 10\;\mu m$ (${PM}_{10}$) and $\leq 2.5\;\mu m$ (${PM}_{2.5}$) in aerodynamic diameter, oxides of nitrogen ($\text{NO}_{x}$), ozone ($O_{3}$), and meteorologic data were collected by the Ministry for Environmental Protection and the Israel Electric Corporation (<http://www.svivaaqm.net/>) at two urban background sites in Tel Aviv (Central Station and Yad Lebanim) and one in Haifa (Neve Sha'anan). We assigned the average value for the two Tel Aviv monitors to all subjects that were Tel Aviv residents and assigned the values measured at the Haifa site (for pollutants other than $\text{NO}_{x}$) to all residents of Haifa. $\text{NO}_{x}$ concentrations were not available from the Neve Sha'anan monitor in Haifa because of an instrument failure, and $\text{NO}_{x}$ exposures for Haifa residents were therefore assigned based on concentrations measured at the nearby Ahuza station (also in Haifa). These stations were selected as locations that measured both ${PM}_{10}$ and ${PM}_{2.5}$ and had at least 75% of the half-hourly data available. All PM levels were measured using beta attenuation monitoring, with the results undergoing quality assurance testing by the Technion Center of Excellence in Exposure Science and Environmental Health in Haifa. Temporal correlation was high across the monitoring stations with Pearson correlations for hourly concentrations of 0.97 and 0.92 for ${PM}_{10}$ and ${PM}_{2.5}$, respectively.

Coarse PM (2.5 to $10\;\mu m$; ${PM}_{10 - 2.5}$) concentrations were computed as the difference between concurrent and collocated ${PM}_{10}$ and ${PM}_{2.5}$ measurements. This approach has been established as a reliable approach to estimating ${PM}_{10 - 2.5}$ in urban areas ([@c1]). A heat index (HI), defined as an individual's perceived air temperature given the humidity, was calculated for temperatures $> 25{{^\circ}C}\,\left( 77{^\circ}F \right)$ using the equation provided in the NOAA website (<http://www.wpc.ncep.noaa.gov/html/heatindex_equation.shtml>): $$\text{HI} = - 42.379\, + \, 2.04901523 \times T\, + \, 10.14333127 \times \text{RH} - \,\, 0.22475541 \times T \cdot \text{RH}\, - \,\, 0.00683783 \times T^{2} - \, 0.05481717 \times \text{RH}^{2} + \, 0.00122874 \times T^{2} \cdot \text{RH}\, + \, 0.00085282 \times T \cdot \text{RH}^{2} - \, 0.00000199 \times T^{2} \cdot \text{RH}^{2}$$in which T is temperature in Fahrenheit (degrees) and RH is relative humidity (percentage).

Before estimating citywide average air pollution concentrations for ${PM}_{10}$ and ${PM}_{2.5}$, we imputed missing values for ${PM}_{10}$ (4% of all data) and ${PM}_{2.5}$ (10% of all data) using regression models with autoregressive errors fitted with SAS PROC AUTOREG. These models included PM data from adjacent monitors ($r > 0.88$) and were further adjusted for season, day of week, wind direction, and the heat index. This is consistent with other case-crossover studies in which individual exposure to PM was assessed using very few or even one monitoring site in a city ([@c52]; [@c72]) and the high correlations between monitoring stations in this region.

Statistical Analysis {#s2.4}
--------------------

Descriptive statistics for characteristics of the study population were first calculated along with distributional information for the levels of pollution and weather. We also estimated correlations between pollutants using Pearson and Spearman coefficients.

Next, we investigated the association between pollution concentrations and cardiac events using a case-crossover design ([@c43]; [@c46]) with time-stratified referent selection ([@c32]). In this design, only cases were sampled, and their exposure experience in the time period before their event was compared with control time periods relative to the same hour of the day on the same day of the week and month during the same year (resulting in three to four control time periods per case). This design eliminates confounding by subject characteristics that are stable over time and controls effectively for temporal variability in exposure ([@c72]).

We constructed separate conditional logistic regression models to evaluate associations between each type of cardiac event and pollutant concentration in the 1, 2, 6, 12 and 24 h before the event onset. We examined the possibly nonlinear relation between 6-h PM averages and the OR of a cardiac event nonparametrically with restricted cubic splines ([@c22]) using the SAS LGTPHCURV9 Macro (<https://www.hsph.harvard.edu/donna-spiegelman/software/lgtphcurv9/>). Tests for nonlinearity used the likelihood ratio test, comparing the model with only the linear term to the model with the linear and the cubic spline terms. We used linear relations when the *p*-value of the nonlinearity test was $> 0.05$. We controlled linearly for the heat index in all models because additional degrees of freedom had $p\text{-values} > 0.05$. Effect estimates are presented as odds ratios (ORs) and 95% confidence intervals (CIs) of a cardiac event associated with an incremental elevation of $10{\,\mu g/m}^{3}$ in ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ concentrations.

In the secondary analyses, we compared associations between models assessing exposures based on onset time as compared with calendar date of a phone call. We also compared ORs for definite versus probable IHD and arrhythmia events. Finally, we assessed modification of associations of all outcomes with 6-h ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ by gender; age ($< 65$, 65--84, 85 y); previous history of hypertension, diabetes or morbid obesity ($\text{BMI} > 35\,{{kg}/m}^{2}$); and any previous history of ischemic heart disease or arrhythmia by including multiplicative interaction terms in our regression models. We note that in order to estimate an additive interaction between exposure and subject-specific characteristics in the case-crossover design, we needed information on the baseline subgroup-specific hourly rates of cardiac events ([@c18]), but these data were not available in this study. All statistical analyses were conducted using SAS software (version 9.3; SAS Institute Inc.) and R (version 3.2.3; R Development Core Team).

Sensitivity Analyses {#s2.5}
--------------------

We performed sensitivity analyses to estimate associations with ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ averaged over the previous 2--6 days; estimated associations with 6-h PM adjusted for the average heat index during the previous 6-, 12-, and 24-h; and estimated associations for 24-h PM adjusted for 24-, 48-, and 96-h average heat index values. We also repeated models of associations with 6-h average ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ concentrations after adjusting for the other PM size fraction and after additional adjustment for 6-h average $\text{NO}_{x}$ and $O_{3}$ concentrations (modeled as untransformed continuous covariates). In addition, we repeated models of associations with 24-h average ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ concentrations after restricting observations to days with $\geq 75\%$ of PM measurements available instead of using imputed PM values for days with incomplete PM data (as in the primary model). Finally, we repeated the models of 6-h ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ concentrations after excluding outcomes that occurred in the same individuals within 1 week, 1 month, or 1 y of the index event and after limiting outcomes to the first event for each individual during the study period.

Results {#s3}
=======

Study Subjects {#s3.1}
--------------

We identified 7,617 patients who had 12,661 cardiac events and who were evacuated to the hospital for urgent care. The majority (66%) of patients called for a single cardiac event and 20, 7 and 3% called for 2--4 events, respectively (the remaining 4% had 5--20 calls). NSCEs were most common (6,258), followed by arrhythmias (3,946), and IHD-related events (1,593). In addition, 864 events had both IHD and arrhythmia indications. We were able to assign a definite classification for 52% of the IHD events, and 52% had definite arrhythmia (see Table S1).

The mean age at the first event was 77 y, 56% of the subjects were male, and most subjects had preexisting IHD (77%) or arrhythmia (62%) ([Table 1](#t1){ref-type="table"}).

###### 

Characteristics of the study subjects experiencing a cardiac event between 2002 and 2013 ($n = 7,617$).

Table 1 lists characteristics of the subjects and mean plus or minus SD or number of subjects and percentages in the first and second columns, respectively.

  Characteristic                                                       $\text{Mean} \pm \text{SD}$ or *n* (%)
  ------------------------------------------------------------------- ----------------------------------------
  Gender                                                                                  
   Female                                                                           3,322 (43.6)
   Male                                                                             4,295 (56.4)
  Age at first call (y)                                                           $77.1 \pm 10.7$
  Age group (y)                                                                           
   50--64                                                                           1,200 (15.7)
   65--84                                                                           4,562 (59.9)
   $\geq 85$                                                                        1,855 (24.4)
  Lives alone                                                                             
   No                                                                               4,718 (61.9)
   Yes                                                                              2,899 (38.1)
  Smoking                                                                                 
   Current                                                                           896 (11.8)
   Previous                                                                          833 (10.9)
   Never                                                                            5,888 (77.3)
  Comorbidities and risk factors[^*a*^](#t1n1){ref-type="table-fn"}                       
   Morbid obesity[^*b*^](#t1n2){ref-type="table-fn"}                                 360 (5.7)
   Hypertension                                                                     4,731 (74.9)
   Hyperlipidemia                                                                   3,912 (62.1)
   Diabetes                                                                         2,213 (35.1)
   Familial cardiac history                                                         1,120 (17.8)
   Chronic pulmonary disease                                                        1,267 (20.1)
   Stroke                                                                           1,166 (18.5)
   Peripheral vascular disease                                                       659 (10.5)
   Ischemic heart disease                                                           4,981 (77.3)
   Congestive heart failure                                                         1,995 (31.0)
   Arrhythmia                                                                       3,967 (61.5)
   Valvulopathy                                                                     2,120 (33.0)
   Coronary artery bypass grafting                                                  1,754 (27.3)
  Medications[^*a*^](#t1n1){ref-type="table-fn"}                                          
   $\alpha/\beta\text{-blockers}$                                                   4,195 (62.1)
   Anti-arrhythmias                                                                 1,353 (20.0)
   Anticoagulants                                                                   1,529 (22.7)
   Anti-inflammatories/platelet aggregants                                          5,181 (76.7)
   Nitrates                                                                         2,070 (30.7)

Note: Data for all subject characteristics were complete; study participants lived in the Tel Aviv ($n = 6,336$) and Haifa ($n = 1,281$) areas.

Percentages do not sum to one because multiple conditions were possible.

$\text{BMI} > 35\,{{kg}/m}^{2}$.

Air Pollution Exposure {#s3.2}
----------------------

Average ${PM}_{2.5}$ concentrations during 6-h case and control periods were $23.6 \pm 19.4$ and $20.8 \pm 23.1\,{\mu g/m}^{3}$ in the Tel Aviv and Haifa areas, respectively; the respective average ${PM}_{10 - 2.5}$ concentrations were $34.6 \pm 72.4$ and $23.9 \pm 44.3\,{\mu g/m}^{3}$ ([Table 2](#t2){ref-type="table"}). The interquartile ranges (IQRs) of PM for the 1-h and 24-h averaging times were similar. For example, in Tel Aviv 1-h and 24-h ${PM}_{2.5}$ IQRs were 12.6 and $10.3\,{\mu g/m}^{3}$, respectively, and the respective ${PM}_{10 - 2.5}$ IQRs were 18.9 and $16.0\,{\mu g/m}^{3}$ ([Table 2](#t2){ref-type="table"}; see also Figure S1). Because Israel is in an arid region impacted by dust storms, approximately 1% of all measured days had very high concentrations of more than 94.2 and $297.1\,{\mu g/m}^{3}$ for ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$, respectively. During dust spells with ${PM}_{10} > 70\,{\mu g/m}^{3}$, the average hourly concentrations were $48.1 \pm 41.5$ and $112.4 \pm 155.6\,{\mu g/m}^{3}$ for ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$, respectively. The Pearson correlations between the coarse and fine fractions 6-h concentrations were 0.91 (Spearman correlation $s = 0.65$) and 0.85 ($s = 0.49$) in Tel Aviv and Haifa, respectively ([Table 2](#t2){ref-type="table"}). The correlations between ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ averaged over the same time periods were similar for different time periods (see Table S2). The Pearson correlations within each PM size fraction across all averaging periods assessed ranged from $r = 0.98$ between 1-h and 2-h averages to $r = 0.30$ between 1-h and 6-day averages (see Table S3).

###### 

Distribution of ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ during 1-, 6-, and 24-h case and control periods in the Tel Aviv and Haifa areas, 2002--2013.

Table 2 lists area in the first column. The corresponding pollutants; average time; mean plus or minus SD; 25th, 50th, 75th, and maximum percentiles; and correlation with PM subscript 10 to 2.5 are listed in the other columns.

  Area       Pollutant (${\mu g/m}^{3}$)   Averaging Time (h)   Percentile        Correlation with ${PM}_{10 - 2.5}$[^*a*^](#t2n1){ref-type="table-fn"}                                 
  ---------- ----------------------------- -------------------- ----------------- ----------------------------------------------------------------------- ------ ------ -------- ------ ------
  Tel Aviv   ${PM}_{2.5}$                  1                    $23.5 \pm 20.5$   14.5                                                                    20.0   27.1   768.0    0.90   0.64
                                           6                    $23.6 \pm 19.4$   15.1                                                                    20.3   26.9   741.2    0.91   0.65
                                           24                   $23.5 \pm 16.3$   16.1                                                                    20.7   26.4   469.9    0.91   0.64
             ${PM}_{10 - 2.5}$             1                    $34.6 \pm 76.6$   13.1                                                                    19.5   32.0   2455.7   1.00   1.00
                                           6                    $34.6 \pm 72.4$   14.1                                                                    19.8   30.9   2355.7   1.00   1.00
                                           24                   $34.5 \pm 58.6$   15.3                                                                    20.0   31.3   1407.3   1.00   1.00
  Haifa      ${PM}_{2.5}$                  1                    $21.1 \pm 25.1$   11.4                                                                    16.8   23.4   623.1    0.83   0.50
                                           6                    $20.8 \pm 23.1$   12.0                                                                    16.9   23.2   690.2    0.85   0.49
                                           24                   $20.9 \pm 22.2$   12.5                                                                    17.3   23.1   705.1    0.89   0.49
             ${PM}_{10 - 2.5}$             1                    $24.4 \pm 49.5$   8.2                                                                     13.2   22.6   1005.7   1.00   1.00
                                           6                    $23.9 \pm 44.3$   8.8                                                                     13.4   22.2   1176.7   1.00   1.00
                                           24                   $24.0 \pm 41.9$   9.4                                                                     14.0   22.2   1257.2   1.00   1.00

Note: The numbers of case periods was 10,466 and 2,195 in Tel Aviv and Haifa, respectively, and the respective number of control periods was 35,431 and 7,379. Correlations between exposures during all time periods assessed and correlations within pollutants across averaging periods are provided in Tables S2 and S3. Max, maximum.

Correlations are for exposures averaged over the same 1-, 6-, or 24-h time periods.

Associations of Air Pollutants with Cardiac Events {#s3.3}
--------------------------------------------------

In general, ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ were associated with higher odds of cardiac events ([Figure 1](#f1){ref-type="fig"}). For example, ORs for any cardiac event in association with a $10{\text{-}\mu g/m}^{3}$ increase in 6-h and 24-h average ${PM}_{2.5}$ were 1.008 (95% CI: 0.998, 1.018) and 1.006 (95% CI: 0.995, 1.018), respectively, and for ${PM}_{10 - 2.5}$ were 1.003 (95% CI: 1.001, 1.006) and 1.003 (95% CI: 1.000, 1.007).

![Estimated ORs and 95% CIs for the onset of cardiac events associated with an increase of $10{\text{-}\mu g/m}^{3}$ in the level of (*A*) fine particulate matter (${PM}_{2.5}$) and (*B*) coarse particulate matter (${PM}_{10 - 2.5}$) according to end points and averaging time before event onset. Estimates are from a case-crossover study and are adjusted for the heat index. The relation between PM averages and the OR of an ischemic event was nonlinear. AR, arrhythmia; IHD, ischemic heart disease; NSCE, nonspecific cardiac event.](ehp-126-097003-g0001){#f1}

Modeling exposures using restricted cubic splines did not improve model fit relative to linear models for associations between 6-h ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ and all outcomes other than IHD ([Figure 2](#f2){ref-type="fig"}; see also Figure S2). For IHD and 6-h exposures, a restricted cubic spline with 3 knots fit the data better than a linear model. Associations with increasing exposures of ${PM}_{10 - 2.5}$ were inverse for concentrations lower than the reference value of $50\,{\mu g/m}^{3}$ and higher than $120\,{\mu g/m}^{3}$ (representing the 88th and 97th percentiles of the exposure distribution, respectively), whereas ORs were positive (indicating increased odds of IHD with increasing exposure) for exposures in the 88th--97th percentile range of the distribution. For ${PM}_{2.5}$, associations with increasing exposures were inverse for concentrations lower than the reference value of $20\,{\mu g/m}^{3}$ (50th percentile), and ORs were approximately null for higher concentrations.

![Exposure--response curves (solid lines) and 95% confidence intervals (shaded areas) for ${PM}_{10 - 2.5}$ 6 h before event onset for (*A*) any cardiac event, (*B*) ischemic events, (*C*) arrhythmic events, and (*D*) nonspecific cardiac events. (See Figure S2 for results for 6-h ${PM}_{2.5}$.) Odds ratios are depicted for ${PM}_{10 - 2.5}$ concentrations relative to a reference value of $50\,{\mu g/m}^{3}$. The histogram in each panel illustrates the density of exposure distribution. Estimates are from a case-crossover study and are adjusted for the heat index. For any event, arrhythmia events, and nonspecific events, PM is modeled linearly in the conditional logistic regression models. For ischemic events, PM is modeled with restricted cubic splines with 3 knots. Levels of exposure are truncated at $300\,{\mu g/m}^{3}$ (99th percentile) for clearer presentation.](ehp-126-097003-g0002){#f2}

In the secondary analyses, we found that associations based on exposures linked to the call time were slightly stronger than ORs for exposures linked to the calendar day of the call ([Figure 3](#f3){ref-type="fig"}). For example, the OR for an arrhythmic event in association with a $10{\text{-}\mu g/m}^{3}$ increase in 24-h ${PM}_{10 - 2.5}$ was 1.004 (95% CI: 0.998, 1.010) when based on the call time compared with 1.001 (95% CI: 0.995, 1.008) based on the calendar day of the event. Associations with both ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ were consistently positive for definite arrhythmia events, whereas ORs for probable arrhythmia events were close to the null ([Figure 4](#f4){ref-type="fig"}). For example, an increase of $10{\,\mu g/m}^{3}$ of ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ over the previous 6 h was associated with 1.028 (95% CI: 1.004, 1.053) and 1.008 (95% CI: 1.001, 1.014) increased odds with definite arrhythmia as compared with 1.006 (95% CI: 0.986, 1.027) and 1.003 (95% CI: 0.998, 1.009) for probable certainty. For ischemic events, ORs for exposures averaged over 12-h and 24-h were positive for definite events but close to the null for probable events. However, ORs for definite and probable ischemic events were similar for exposures averaged over shorter time periods.

![Estimated ORs and 95% CIs for an increase of $10{\,\mu g/m}^{3}$ in the level of (*A*) fine particulate matter (${PM}_{2.5}$) and (*B*) coarse particulate matter (${PM}_{10 - 2.5}$) using the actual time of call (black) and the calendar date (gray) for 24-h exposures. Estimates are from a case-crossover study and are adjusted for the heat index. The relation between PM averages and the OR of an ischemic event was nonlinear. AR, arrhythmia; IHD, ischemic heart disease; NSCE, nonspecific cardiac event.](ehp-126-097003-g0003){#f3}

![Estimated ORs and 95% CIs for the onset of cardiac events associated with an increase of $10{\,\mu g/m}^{3}$ in the level of (*A*) fine particulate matter (${PM}_{2.5}$) and (*B*) coarse particulate matter (${PM}_{10 - 2.5}$) for definite (black) versus probable (gray) diagnoses of ischemic and arrhythmic events by averaging time before event onset. Estimates are from a case-crossover study and are adjusted for the heat index. The relation between PM averages and the OR of an ischemic event was nonlinear. AR, arrhythmia; IHD, ischemic heart disease.](ehp-126-097003-g0004){#f4}

Associations between 6-h PM and cardiac events were positive across all end points for subjects who had diabetes, were morbidly obese, or had a history of ischemic heart disease; whereas corresponding ORs were closer to the null or inverse for people who did not have these conditions (*p* for interaction = 0.06--0.80 and 0.13--0.73 for ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$, respectively) ([Figure 5](#f5){ref-type="fig"}; see also Figure S3). Associations with 6-h ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ were consistently null or negative among those $> 85\; y$ of age, but patterns of associations by age varied among the outcomes (*p* for interaction = 0.32--0.92 and 0.29--0.94 for ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$, respectively) ([Figure 5](#f5){ref-type="fig"}; see also Figure S3). Associations of 6-h ${PM}_{10 - 2.5}$ with any cardiac event and nonspecific cardiac events were significantly stronger for subjects without a history of hypertension than for those with a history of hypertension (*p* for interaction = 0.07 and 0.03, respectively), but ORs for ischemic events and arrhythmias were not significantly modified by hypertension. Patterns of associations by hypertension were similar for 6-h ${PM}_{2.5}$, although the OR for nonspecific cardiac events was not significantly modified by a history of hypertension (see Figure S3).

![ORs and 95% CIs for an increase of $10{\,\mu g/m}^{3}$ in the level of ${PM}_{10 - 2.5}$ 6 h before event onset according to selected characteristics for (*A*) any cardiac event, (*B*) ischemic events, (*C*) arrhythmias, and (*D*) nonspecific cardiac events. (See Figure S3 for results for 6-h ${PM}_{2.5}$.) *p*-Values are for multiplicative interaction terms between ${PM}_{10 - 2.5}$ and individual characteristics. Morbid obesity was defined as $\text{BMI} > 35\,{{kg}/m}^{2}$. Hypertension, ischemic heart disease, and arrhythmia were indicated for people with a history of these conditions. Estimates are from a case-crossover study and are adjusted for the heat index. The relation between ${PM}_{10 - 2.5}$ averages and the OR of an ischemic event was nonlinear. BMI, body mass index.](ehp-126-097003-g0005){#f5}

Sensitivity Analyses {#s3.4}
--------------------

In general, ORs for PM exposures averaged over $\leq 24\; h$ were slightly stronger for exposures averaged over 6-h or 12-h versus exposures averaged over 24-h, 2 days, or 3 days for any cardiac event, arrhythmias, and ischemic events (see Table S4). However, for arrhythmias and ischemic events, the strongest associations were estimated for PM exposures averaged over 6 days. ORs for any cardiac event, arrhythmias, and nonspecific events were slightly stronger based on models that included 6-h ${PM}_{10 - 2.5}$, ${PM}_{2.5}$, $\text{NO}_{x}$, and $O_{3}$ compared with corresponding ORs from single-pollutant models for ${PM}_{10 - 2.5}$; whereas ORs for ${PM}_{2.5}$ from the multi-pollutant models changed from positive to inverse (see Table S5). ORs for ischemic events were similar between single- and multi-pollutant models for both PM exposures. Increasing the heat index averaging times had little influence on ORs for 6-h or 24-h PM exposures (see Table S6). ORs for 24-h PM exposures were similar to ORs from primary models when restricted to days with $< 25\%$ of missing PM data (vs. using imputed PM values for days with missing data) (see Table S7). ORs for 6-h PM exposures were similar to primary model estimates when restricted to subjects who did not experience additional cardiac events during the week or month after the index event, but ORs were closer to the null when restricted to subjects without any cardiac events within a year of the index event (see Table S8). Finally, when models with 6-h exposures were based only on the first event experienced by subjects during the study period, ORs were attenuated for any cardiac events and arrhythmias and were approximately null for ischemic and nonspecific events (see Table S8).

Discussion {#s4}
==========

In this study, we leveraged telemedicine data from two large populations to examine associations between hourly fluctuations in air pollution levels and acute cardiac events. We found that increases in ${PM}_{10 - 2.5}$ and ${PM}_{2.5}$ concentrations were associated with small increases in the odds of a clinical cardiac event within a matter of hours. Our findings also suggest that using more accurate event onset times and outcome information available through telemedicine records may strengthen estimated associations between acute outcomes and short-term exposures to air pollutants. Broadly, this research illustrates the potential benefits of using telemedicine data as a novel population-level data source for use in epidemiological studies of clinical events with sub-daily exposures.

Examination of sub-daily associations between PM and clinical cardiac events has important implications because the U.S. EPA still seeks evidence on effects occurring from exposures at sub-daily averaging times that may serve as a basis for establishing shorter than 24 h PM standards ([@c66], [@c67]). Although associations with some outcomes were slightly stronger for exposures averaged over shorter time periods, the differences from estimates averaged over 24 h are too small to rule out random variation, and strong correlations between exposures limit our ability to identify critical exposure time windows during the 24 h before a cardiac event.

Previous case-crossover studies of stroke in association with ${PM}_{2.5}$ ([@c40]; [@c41]) and of ventricular arrhythmias in association with nitrogen dioxide ($\text{NO}_{2}$), ${PM}_{10}$, and (in a subset of patients) ${PM}_{2.5}$ ([@c40]) reported stronger associations when exposures were estimated relative to the specific time of event onset instead of the day on which the event occurred. Consistent with the previous studies, we hypothesize that this is due to reduced exposure misclassification. Associations with arrhythmias (and some associations with ischemic events) were stronger when clinical information from the telemedicine examinations was used to subclassify events as definite versus probable, consistent with a reduction in outcome misclassification. These results support the value of telemedicine data as a source of information for epidemiologic research. Rapid developments in e-health technology and a growing adoption of these services around the world ([@c20]; [@c26]; [@c33]; [@c47]; [@c62]) are increasing the potential availability of telemedicine data for research. For example, in the United States there are now nearly 200 telemedicine networks with 3,500 service sites, through which nearly 1 million individuals are equipped with remote cardiac monitors (<http://www.americantelemed.org/main/about/about-telemedicine/telemedicine-faqs>).

Previous studies of short-term (daily and sub-daily) exposures to PM pollution and clinically relevant arrhythmia were mostly carried out in patients with ICDs ([@c3]; [@c19]; [@c39]; [@c40]; [@c44]; [@c56], [@c55]). Although some of the results were consistent with our findings of an association, the literature on arrhythmia and short-term exposures is largely mixed, as reviewed by Link and Dockery ([@c38]). For example, Link et al. ([@c39]) conducted a prospective follow-up study that evaluated the association of particle number count, ${PM}_{2.5}$, black carbon (BC), sulfate ($\text{SO}_{4}$), $\text{NO}_{2}$, $\text{SO}_{2}$, and $O_{3}$ with the onset of atrial fibrillation in 176 patients with ICDs. They reported associations with 2-, 6-, and 12-h ${PM}_{2.5}$ but not with 24-h or 48-h averages. Another case-crossover study of ventricular arrhythmias in association with $\text{NO}_{2}$, ${PM}_{10}$, and (for one site only) ${PM}_{2.5}$ in 211 ICD patients found an association with 2-h ${PM}_{10}$ but not with 24-h averages or with ${PM}_{2.5}$ ([@c40]). In contrast, a single case-crossover study of ventricular arrhythmias in 203 ICD patients that evaluated ${PM}_{2.5}$, BC, $\text{NO}_{2}$, CO, $\text{SO}_{2}$, and $O_{3}$ in the 3, 7, 24, and 48 h before the arrhythmia found clear association only for 24-h ${PM}_{2.5}$ and $O_{3}$ averages ([@c56]). A subsequent analysis of paroxysmal atrial fibrillation episodes in the same cohort found a clear association only with $O_{3}$ during the concurrent hour ([@c55]). In a study of 105 individuals wearing ECG monitors, He et al. ([@c28]) reported an association of ${PM}_{2.5}$ within the same hour with the total number of premature ventricular contractions but not with premature atrial contractions. In a series of crossover studies of a variety of controlled exposures (including exposure to concentrated ambient particles for 2 h), Langrish et al. ([@c35]) concluded that based on continuous ECG monitoring there was "no evidence to suggest an increased tendency to arrhythmia after brief controlled exposures...". Two studies investigating associations with emergency room visits for clinical arrhythmia events reported positive associations with same-day PM averages. In a case-crossover study in Taipei, Taiwan, Chiu et al. ([@c14]) found associations with ${PM}_{2.5}$ on warm \[$\geq 23{^\circ}C\,\left( 73{^\circ}F \right)$\] and cool days; and in a time-series study in São Paolo, Brazil, Santos et al. ([@c59]) reported a clear association with ${PM}_{10}$. Finally, a meta-analysis of studies assessing associations with hospital admissions indicated a percentage increase in admissions of 0.8% per $10{\text{-}\mu g/m}^{3}$ increase in daily ${PM}_{10}$ (95% CI: 0.1%, 1.4%) ([@c15]).

Regarding ischemic events, the existing literature on hourly exposures focused primarily on MIs and reported varied results. In a case-crossover study of 79,288 MI diagnoses in 15 conurbations in England and Wales, Bhaskaran et al. ([@c7]) found increased risk of MI 1--6 h after exposure to ${PM}_{10}$, but ORs for longer lags were inverse. Similarly, another case-crossover study among 772 patients in the greater Boston area indicated that the strongest association between the onset of MI and ${PM}_{2.5}$ were observed within 1--2 h before the onset of MI ([@c52]). In contrast, case-crossover studies in Augsburg, Germany (691 cases) ([@c53]), and in King County, Washington (5,793 cases) ([@c65]), found no associations between MI and ${PM}_{2.5}$ concentrations in the previous hours or days; and a case-crossover study in Stockholm, Sweden (660 MI cases) ([@c6]), found no associations with hourly or daily ${PM}_{10}$. Pooling findings across different studies by recent meta-analyses, however, indicated positive overall associations between MI and PM ([@c42]; [@c49]). For example, Mustafić et al. ([@c49]) found ORs of 1.006 (95% CI: 1.002, 1.009) and 1.025 (95% CI: 1.015, 1.036) per $10{\text{-}\mu g/m}^{3}$ increase in daily ${PM}_{10}$ and ${PM}_{2.5}$, respectively. Finally, diverse results were also reported for out-of-hospital cardiac arrests using reports by emergency medical services. For example, Rosenthal et al. ([@c57]) found in a case-crossover study of 551 witnessed cardiac arrests in Indianapolis clear association only with ${PM}_{2.5}$ exposure during the hour of the arrest, whereas in another case--control study, Ensor et al. ([@c23]) found clear associations with 1-day or 2-day ${PM}_{2.5}$ averages but not with hourly exposures for 11,667 cases in Houston. Our analysis of the shape of the concentration--response relationship with 6-h ${PM}_{10 - 2.5}$ showed evidence of linearity for all outcomes except ischemic events. For this outcome, we found that the slope of the curve was negative at higher exposures. With only about 10% of our data at these high concentration levels, however, our estimates were imprecise and the observed inverse associations could not be distinguished from no or weaker positive associations.

In addition to the many strengths from using telemedicine data noted above, another contribution of this work was our assessment of associations between hourly ${PM}_{10 - 2.5}$ concentrations and cardiac events in a location with high levels of ${PM}_{10 - 2.5}$, which is relevant to large populations around the world ([@c10]; [@c17]) that are not commonly studied in the literature. Although there is still a lack of knowledge regarding the components of ${PM}_{10 - 2.5}$ ([@c1]), a few studies indicated possible toxicity of ${PM}_{10 - 2.5}$, including metals and biological materials from bacteria, viruses, and fungi that may be local or collected during long-range transport of dust. In a human controlled-exposure study, Behbod et al. ([@c5]) demonstrated that exposure to coarse PM induced acute systemic inflammatory responses in healthy adults. Perez et al. ([@c51]) found metals that trigger oxidative stress, such as iron, copper, lead and zinc, in ${PM}_{10 - 2.5}$ on Saharan and non-Saharan dust days. A study in North Carolina ([@c2]) found that 13% of the mass of ambient ${PM}_{10 - 2.5}$ (25% by number) was composed of pollens, fungal spores, and bacteria. PM pollution in Israel comprises mineralogical dust from long-range transport and immediate sources as well as fine-mode aerosols emitted from source combustions and traffic. Previous studies indicated substantial contamination of dust ${PM}_{10}$ particles by toxic metals such as Pb, Cu, Zn, and Ni, as well as by semi-volatile organic compounds such as the pesticide malathion, during dust storms affecting Israel ([@c24], [@c25]; [@c34]).

A review of the health implications of ${PM}_{10 - 2.5}$ pointed to the inconclusive nature of the literature ([@c1]). Yet, a meta-analysis by the same authors of six hospital admissions studies around the world (London, Helsinki, 6 French cities, 108 counties in the United States, Hong Kong, and 8 cities in Southern Europe) indicated that the pooled rate ratio for a cardiovascular admission in association with a $10{\text{-}\mu g/m}^{3}$ increase in daily ${PM}_{10 - 2.5}$ was 1.005 (95% CI: 1.003, 1.008). More recently, a study in the United States among adults $\geq 65\; y$ of age living in 110 large urban counties found evidence for associations between cardiovascular admissions and same-day ${PM}_{10 - 2.5}$ exposure ([@c54]). More research is needed to investigate the cardiac health impacts of ${PM}_{10 - 2.5}$, especially in locations where there is a large variability in ${PM}_{10 - 2.5}$ such as Israel because this likely improved our statistical power to detect associations with this pollutant in this study.

Limitations {#s4.1}
-----------

Limitations of this study should be considered. First, our sample consisted of subjects who chose to subscribe to a commercial service, which is very popular in Israel among older adults. Although subscribers are similar to the general population with respect to smoking habits and prevalence of obesity ([@c29]), they are more likely to have cardiovascular disease, high blood pressure, hyperlipidemia, and diabetes ([@c30]). If any of these characteristics enhance susceptibility to the impacts of air pollution, then our results would not be generalizable to a random sample of the general population. Our analysis of effect modification by age seemed to go in the inverse direction; for example, the ORs for those $> 85\; y\,\text{of}\,\text{age}$ are smaller than the ORs for those in the 65- to 84-y-old group. There may be a selection issue in the study in that the older individuals who have survived a previous heart attack may be a healthier subset of the population than others and the younger individuals who enroll in telemedicine insurance are likely to be less healthy than the average young individual. Similarly, we found stronger associations for participants without a history of hypertension than for those with a history of hypertension for all outcomes other than IHD. This result may be related to treatment for hypertension that often slows the heart rate and thus may decrease the risk of arrhythmia but not the risk of an ischemic event. Another limitation of this work is that we did not have the exact time of onset of symptoms. Although the use of telemedicine data provides earlier detection of symptoms than emergency room time, for example, not all individuals will call when they first experience an event. Examination of the hourly distribution of call time indicated that it was approximately uniform over the 24 h, suggesting that there was not a systematic delay during the night hours. Matching on person, time of day, and day of week should also minimize systematic bias from confounding, but bias could still exist due to exposure misclassification. Because we expect any exposure misclassification to be non-differential, this would likely attenuate the estimates toward the null.

We cannot rule out some effect attenuation for the shorter averaging times because it is likely that instrumentation errors in PM are minimized with longer averaging periods in which overestimates are compensated by underestimates. Similarly, the indirect estimation of ${PM}_{10 - 2.5}$ concentrations by subtraction of ${PM}_{2.5}$ from ${PM}_{10}$ may add uncertainty due to errors in both filters and possibly reduce the estimates toward the null. We used a $10{\text{-}\mu g/m}^{3}$ exposure contrast for all effect estimates to facilitate the presentation of results and facilitate comparisons with other studies rather than using IQRs to generate effect estimates for the same relative increase in exposure across all pollutants and averaging times within our study. Finally, this presentation may not have been appropriate for evaluating IHD given evidence of nonlinearity of the relation between PM and the OR of an ischemic event.

Conclusions {#s5}
===========

Telemedicine offers a novel and clinically validated data source for epidemiologic studies of associations between short-acting exposures and clinical outcomes. Our findings for Isreali telemedicine service subscribers $\geq 50\; y$ of age suggest that sub-daily increases in fine and coarse PM may increase the risks of any cardiac events and the risks of acute arrhythmic events specifically. Although some associations were slightly stronger for exposures averaged over shorter time periods, they were generally consistent with findings for 24-h average ${PM}_{2.5}$ and ${PM}_{10 - 2.5}$ exposures.
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